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Nematodes comprise one of the largest phyla in the animal kingdom, both in terms of individual numbers and species diversity. Although only 20,000-30,000 species have been described, it is estimated that the true number ranges between 100,000 and 10 million. Marine, freshwater, and terrestrial species are all widespread, and some nematodes have even been isolated from such inhospitable environments as deserts, hot springs, and polar seas. Some nematode species are parasitic, with either plant or animal hosts; other species are free-living microbivores, scavengers, or predators of insects or other nematodes. Nematodes vary widely in size, from small microbivores that grow no larger than 100 m to large animal parasites growing to several meters in length. They adopt a variety of reproductive strategies: most species are gonochoristic (i.e., have male and female sexes), but self-fertile hermaphroditic species are not uncommon, and parthenogenetic species are also known. Nematodes belong to the superphylum Ecdysozoa, a clade of moulting animals that also includes arthropods, tardigrades and priapulids. Although nematode fossils are rare, the origin of the nematode phylum is believed to be very ancient, with the divergence from arthropods estimated based on molecular data to have been between 900 and 1,300 Ma.
Yet, despite this great ecological diversity and long evolutionary history, the anatomical structure of all nematodes is highly similar. Nematodes all share a cylindrical body plan, with an outer tube of cuticle, skin and body muscle, an inner tube of pharyngeal muscle and intestine, and a pseudocoelomic body cavity in between. The pseudocoelom is highly pressurized, and this hydrostatic pressure is essential for providing the animal's shape and for allowing locomotion. The pressurized pseudocoelom may also impose
Structure of nematode nervous systems
In their overall structure, all nematode nervous systems exhibit a number of common, invariant features. The central nervous system consists primarily of a so-called circumoral brain or nerve ring, consisting of annular neuropil that encircles the neck of the pharyngeal muscle ( Figure  1 ). It is composed largely of the axonal and dendritic processes of neurons whose cell bodies lie in bundles positioned anterior and posterior to the nerve ring. These bundles, which are encased in lamina, are usually referred to as ganglia, but unlike the ganglia of other animals they do not contain neuropil, only cell bodies. In addition, all nematodes have a major nerve cord running longitudinally along the ventral midline of the body, from head to tail (Figure 2 ). This ventral nerve cord contains cell bodies as well as processes, many of which project into the nerve ring where they make and receive synapses with other neurons. Additional nerve cords (the largest of which runs down the dorsal midline) consist only of processes, with the cell bodies residing in the ventral nerve cord and connecting to the secondary nerve cords through circumferential commissures. Both the dorsal and ventral nerve cords are closely associated with the epidermis, and are separated from the body cavity (and somatic musculature) by a layer of basal lamina.
These core features -circumoral brain, ventral nerve cord, and lack of Primer mechanical constraints that limit the possibilities for diversifi cation and elaboration of nematode structural anatomy. Nonetheless, nematodes have acquired a high level of diversity in habitat, life history, and behavior through relatively subtle modifi cations of a single anatomical plan.
From a neuroscientifi c perspective, nematodes are among the most well-studied of all invertebrates. In particular, Caenorhabditis elegans, a small, hermaphroditic microbivore, is among the most intensively-studied organisms in all of biology. Among other milestones, C. elegans was the fi rst animal to have its genome sequenced, the fi rst (and presently The sensory systems of nematodes are broadly similar across the phylum. All nematodes have sets of mechanosensory and chemosensory organs in the head called labial and cephalic sensilla, which are distributed with six-fold radial symmetry around the mouth. The cell bodies of the labial and cephalic sensory receptor are anterior to the nerve ring; each sends a dendrite to the sensory ending and an axon into the nerve ring. In addition, all nematodes have two bilaterally-symmetrical nostril-like organs adjacent to the mouth called amphids. In C. elegans (and probably in other species), these amphids are polymodal organs containing olfactory and taste chemosensors, touch and osmotic receptors, as well as thermoreceptors. Each of the amphid sensory neurons has a cell body located in the lateral 'ganglion', and projects a dendrite to the appropriate sense organ and an axon into the nerve ring. Some nematodes have smaller amphid-like sense organs in the tail, called phasmids. The functions of these are less wellunderstood but work from C. elegans suggests that they may also be polymodal organs. In addition, various somatosensory neurons responding to touch and temperature are located along the body.
Motor systems in nematodes vary in their complexity. Egg-laying, defecation, and feeding involve small sets of vulval, enteric and pharyngeal muscles, respectively, that are controlled by a small number of specialized motor neurons ( Figure 3 ). The most complex behaviors, such as locomotion, navigation, and mating, are mediated by the somatic muscles, which run longitudinally in four bands from head to tail ( Figure  2 ). Worms crawl by propagating a wave of muscle contraction along the body in the dorso-ventral plane; waves traveling from head to tail result in forward movement, while waves traveling in the opposite direction result in backward movement. Somatic neuromuscular junctions are unusual in that synapses are made not on the surface of the muscle fi bers but in the nerve cords themselves. Each somatic muscle cell has a thin process called a muscle arm that projects to the nerve ring (for head muscles) or to the ventral cord (for ventral body muscles) or to the dorsal cord (for dorsal muscles), where they make en passant synapses with motor neurons. The muscle arm termini are also the site of gap junctions that electrically couple adjacent muscle cells and facilitate smooth propagation of locomotion waves along the body.
Anatomical invariance and simplifi cation
One of the most striking features of the nervous systems of C. elegans and many other nematodes is their remarkable anatomical simplicity. For example, the C. elegans hermaphrodite has exactly 302 neurons, each with a reproducible position, morphology, cell lineage and (probably) connectivity. Likewise, Ascaris suum females have only 298 neurons, also with invariant identity and structure. The congruence between the neuroanatomy of C. elegans and Ascaris is particularly astounding given the degree to which these worms vary in size, behavior, phylogeny and life history. C. elegans is a 1 mm long freeliving, microbivore, with only 1,000 somatic cells. In contrast, Ascaris are intestinal parasites of humans and pigs that can grow up to 40 cm long and have 50,000 body muscle cells alone (C. elegans has 79). Yet the degree of structural conservation between the two nervous systems is so great that, for a given C. elegans neuron, one can typically identify its Ascaris homolog with little difficulty. For example, the ventral nerve cords of C. elegans and Ascaris contain similar numbers of motor neurons (57 and 55, respectively), which individually fall into seven subtypes with matching morphology, connectivity and neurotransmitter usage. Likewise, apparent homologs of a number of individual neurons in the C. elegans retrovesicular ganglion have been identified in Ascaris based on parallel morphology. Since C. elegans and Ascaris are phylogenetically quite divergent, separated by an estimated 500 million years of evolution, these striking parallels suggest that small Current Biology 26, R937-R980, October 24, 2016 R957 nervous systems with high structural conservation are likely to be widespread among nematodes.
A wider survey of nematode neuroanatomy indicates, however, that nervous system simplification is not universal among nematodes and is almost certainly a derived rather than a primitive trait. Current molecular phylogenies divide nematodes into either 5 or 12 clades, with the crown clades (clades III-V or 8-12) roughly corresponding to the class Chromodoria (Figure 4) . C. elegans (clade V), Ascaris (clade III), Pristionchus (clade V), and most other well-studied nematodes belong to these crown clades, as do thousands of species with a wide range of sizes and life histories. Although exact neuron numbers are not available in most cases, all crown clade species appear to have simple, invariant nervous systems. In contrast, although neuroanatomical studies on nematodes from more basal clades are rare, those that do exist report much larger nervous systems with variable cell numbers. For example, marine enoplids such as Pontonema have several thousand neurons, many of which make up the lateral plexus, a complex circuit that innervates somatosensory bristle-like structures termed setae. Since the setae themselves vary in number and position, the number of neurons in the nervous system is also variable. Likewise, Mermis negrescens, a dorylaimid insect parasite, has an estimated 1,000 neurons in its ventral nerve cord alone, allowing it to execute complex motor behavior.
When and why did brain simplifi cation and invariance arise in the nematode lineage? Perhaps nervous system invariance arose in a microscopic ancestor of the Chromodoria crown clades with few cells overall, and the low number of neurons then became fi xed during subsequent size and habitat diversifi cation in its descendants. It would be interesting to discover the genetic basis for this striking trait, something that may become possible as well-annotated genomes of nematodes from basal clades become available.
Although not all nematodes have simplifi ed, invariant nervous systems, those that do exhibit an enormous range of ecological and behavioral diversity considering their high degree of neuroanatomical stereotypy. In addition to small microbivores such as C. elegans and large animal parasites like Ascaris, plant parasites (e.g. root gall nematodes), insect parasites (e.g. Steinernema), small animal parasites (Strongyloides), fungivores (e.g. Meloidogyne), and predators of other nematodes (e.g. Pristionchus) all have simplifi ed nervous systems (200-300 neurons) that are thought to be invariant within the species. This raises the question of how behaviors adaptive for these divergent environments can evolve within such a restrictive framework of neuronal architecture.
One possibility is that individual neurons could alter their functional properties by expressing different receptors, neurotransmitters or neuromodulators. Indeed, immunohistochemical studies have shown that the numbers and identities of serotonergic neurons can vary even between relatively closely related nematode species. Moreover, a comparison of neuropeptide expression patterns in C. elegans and Ascaris reported numerous examples of cells expressing a particular peptide in one species but not the other. Since both C. elegans and Ascaris (and presumably other nematode species) express hundreds of distinct neuropeptides and neuropeptide receptors, the scope for functional diversifi cation through changes in neuromodulatory pathways is considerable.
A second possibility is that a high degree of apparent conservation on the macro scale may conceal considerable variation on the micro scale, with individual neurons adopting distinct functional properties in different species. For example, comparative studies of amphid sensory neurons in various free-living species identifi ed divergent functional roles (as assayed by cell ablation) as well as distinct morphologies (as assayed by lipophilic dye-fi lling) for amphid sensory neurons. Neuron numbers can also vary, though within a limited range; for example, a survey of species across clades 8-12 found that the number of motor neuron cell bodies in the ventral cord varied from 46 in Pristionchus to 76 in the insect parasite Steinernema.
Finally, conservation of cell number and identity does not preclude substantial reorganization of synaptic connectivity. This has been shown most strikingly in the pharyngeal nervous system of Pristionchus, which like C. elegans contains 20 neurons that are largely isolated from the rest of the nervous system. At the cellular level, the two pharyngeal nervous systems seem highly conserved: a counterpart to each C. elegans pharyngeal neuron can easily be identifi ed in Pristionchus. However, the patterns of synaptic connectivity between the two species are highly divergent. C. elegans and Pristionchus have very different feeding behavior; C. elegans feeds on bacteria, which it digests by crushing them with a 'grinder' in the posterior pharyngeal lumen, while Pristionchus preys on other nematodes by biting them with an anterior 'tooth'. Presumably synaptic rewiring allows the two species to generate such divergent motor outputs using the same set of 20 neurons. Clearly, it will be interesting to generate connectomes of other nematode species to assess the degree to which synaptic rewiring contributes to behavioral variation.
Loss and diversifi cation of receptors and channels
Another unusual feature of some, if not all, nematode neurons is their lack of action potentials. In most animals, action potentials are mediated by sodium-selective, voltage-gated ion R958 Current Biology 26, R937-R980, October 24, 2016 channels called Na V 1. The C. elegans genome lacks an ortholog of Na V 1, as do other well-characterized nematode genomes. Electrophysiological recordings from both C. elegans and Ascaris neurons have failed to identify classical all-or-none action potentials, though plateau potentials (presumably Na V 1-independent) have been observed in both species. Both C. elegans and Ascaris neurons have been found to have extremely high input resistances, suggesting that passive conduction may be suffi cient to propagate electrical signals along even the relatively long neurons of Ascaris-sized worms.
Voltage-gated cation channels are evolutionarily ancient, and a sodiumselective Na V 1 gene is thought to have been present in the ancestor of all bilaterians. Thus, Na V 1 was presumably lost somewhere in the nematode lineage, at least before the common ancestor of C. elegans and Ascaris. Interestingly, the sea urchin genome also lacks an Na V 1 ortholog, indicating that voltage-gated sodium channels have been independently lost in echinoderms. (Sea urchins do contain a paralogous Na V 2 channel, which is calcium permeable and of unknown function; Na V 2 is also absent in nematode genomes.) It has been suggested that action-potential-based computation may be unworkable in small, isopotential neurons; thus, the loss of Na V 1 may be adaptative for animals with small, simplifi ed nervous systems. It will be interesting to learn whether basal nematodes with larger and more complex nervous systems also lack Na V 1.
Does the loss of voltage-gated sodium channels correspond to an overall simplifi cation of the neuronal genome in nematodes? Perhaps surprisingly, for many gene families it is quite the opposite. Indeed, a large number of ion channel families are signifi cantly more diverse in the C. elegans genome than in humans, including nicotinic acetylcholine receptors (61 in C. elegans, 21 in humans), ligand-gated anion channels (45 in C. elegans, 24 in humans), degenerin/epithelial sodium channels (DEG/ENaCs; 30 in C. elegans, 10 in humans) and two-pore potassium channels (47 in C. elegans, 15 in humans). Even G-protein-coupled receptors (GPCRs), of which there are around 800 in humans, are more numerous in C. elegans (around 1,300 overall). Since these gene families are all smaller in the Drosophila genome than in C. elegans, they almost certainly have undergone an expansion in the nematode lineage rather than a contraction in vertebrates.
The molecular diversity of the C. elegans neuronal genome is particularly surprising given its extreme anatomical simplicity. Considering neuropeptide systems, over 250 different neuropeptides have been identifi ed in C. elegans, and its genome contains over 150 putative neuropeptide receptors and 27 distinct neprilysin neuropeptidedegrading proteases (compared with only 5 in humans). Thus, the number of peptide neuromodulators used by the C. elegans nervous system is roughly equal to its total number of neurons! This raises the possibility that molecular-level diversifi cation has arisen in nematodes with small nervous systems to compensate for the computational limits imposed by anatomical simplifi cation. Consistent with this view, evidence from C. elegans suggests that cotransmission is common and polymodality in sensory neurons is the rule rather than the exception. Again, as well-annotated genomes of basal nematodes become available, it will be interesting to see if the expansion of receptor and channel families correlates with the contraction of nervous system size and anatomical complexity.
Structural parallels with larger brains
The nervous systems of C. elegans and other nematodes not only have unusual cellular-level features, such as all non-spiking neurons, but also differ vastly in scale from the human brain. This raises the question of whether the structures of nematode neural circuits, and the mechanisms by which they process information and control behavior, are functionally homologous to those in larger nervous systems. This question is not purely academic, since C. elegans is a popular experimental model for neuroscience research, and it is therefore important to know whether lessons learned from C. elegans neural circuits can be applied to understand the human brain.
Clearly, some neural circuits and systems in nematodes are organized differently from animals with larger brains. For example, olfactory circuits in both insects and mammals involve primary sensory neurons with narrow odorant specifi city. Olfactory information is then spatially encoded in the fi rst-order synapses of the glomerular layer, with each region or glomerulus receiving input from olfactory receptor neurons with the same odorant specifi city. In contrast, in C. elegans a broad range of odorants are sensed by only four pairs of amphid sensory neurons, each of which is polymodal and expresses many odorant receptors. Moreover, two odors sensed by the same neuron can be discriminated in behavioral assays, indicating that at least some sensory processing occurs intracellularly in the primary sensory neurons. Sensory integration has also been shown to occur through electrical coupling or neuromodulatory signaling between primary sensory neurons. These mechanisms for information processing, which involve a loss of information at the fi rst sensory layer, presumably represent adaptations to a numerically compact nervous system. Nonetheless, in other respects the neural circuits in nematodes show surprising organizational similarity to larger brains. At the micro level, this can be seen in the common over-representation of microcircuits or wiring motifs. Since the C. elegans connectome has been comprehensively mapped at the level of individual neurons and synapses, it has been possible to identify patterns of connectivity, or motifs, that occur with higher than expected frequency in the worm connectome. Among the most overrepresented three-neuron motifs are various versions of the feed-forward circuit, in which a neuron directs synaptic output to a target both directly and indirectly through a third neuron. The same feed-forward circuit motifs are also over-represented in the mammalian cortex, suggesting a conserved computational function. In principle, motifs of this type may constitute building blocks of the larger connectome, in the same manner that electrical circuit elements such as logic gates play common functional roles in both large and small computers.
The C. elegans connectome also appears to share broader organizational properties with much larger brains. For example, the C. elegans connectome exhibits a property called small-worldness, which balances higher-thanrandom clustering due to modular interconnectivity with shorterthan-random path length due to intermodule links. Indeed, the C. elegans nervous system was the fi rst biological example of a small-world network, though many larger nervous systems have subsequently been shown to share this property. The C. elegans connectome, like the human brain, also features highly connected hubs, which are themselves interconnected in a central core structure called a rich club. Rich clubs are thought to be important for long-range communication and for linking different brain modules. Interestingly, the hubs that comprise the rich club in C. elegans are single neurons, while those in the human brain are cortical areas composed of many millions of neurons. Thus, the macroscopic organization of the C. elegans nervous system shows scaleinvariant conservation with the human brain over many orders of magnitude of anatomical complexity.
Perspective
In summary, from the molecular to the systems level, nematode nervous systems show interesting peculiarities but also unexpected conservation with much larger and more complicated brains. Up to now, our knowledge about nematode nervous systems has come predominantly from one species, C. elegans, but this is likely to change rapidly in the coming years. With the availability of more nematode genomes and nematode connectomes, in particular from more distant relatives of C. elegans, it should be possible to gain deeper insight into the diversifi cation of nematode neuroanatomy and its molecular and genetic basis.
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